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Introduction
Two-level factorial design with 5 repetitions in the central point was used to investigate 117 the influence of the process variables of the granules properties and variability in API 118 concentrations in the granules and tablets. Design of experiment (DOE) software, Design 119 Expert Version 8 (Stat Easy Inc., USA), was used to produce a list of experiments and to 120 analyse the results. A three level factorial design was used to study the influence of fluidising 121 air velocity, granulation time and bed temperature on the product characteristics. Table 1 122 shows the process variables that were investigated. The granules were then sieved using Retsch sieves on an orbital sample shaker (Stuart 126 Orbital Shaker, Cole-Parmer, UK) for 5 minutes at speed of 180 rpm. Previous work done by 127 our research group with similar type of granules, showed that at this setting the amount of granule 128 breakage was insignificant. The aperture sizes of the sieves used in the analysis were in the 129 range 500 to 4000 µm. 130 The mass mean diameter ( m d ) of the granules was calculated according to; The strength of granules in the size range 1.4 to 1.7 mm was determined from compression 136 of a bed of granules in a confined cylindrical die using a method previously described in [23] . 137 The choice of this size range for all the analysis of the granules was based on the availability 138 of the sufficient granules from this class across all batches that were produced. The punch 139 used in the test had a diameter of 9.95 mm and the dimensions of the die were as follows; 140 internal diameter of 10 mm; external diameter of 22 mm and height of 10 mm. Work done 141 earlier on similar granules had shown that the granules were strain rate-independent for compression 142 speed ranging from 0.1 to 50 mm/min. The beds of granules were compressed to a maximum 143 compression force of 500 N using a compression test speed of 10 mm/min. The setting of 144 10mm/min was chosen allowed compression tests to be performed within a reasonable time 145 whilst also provide sufficient data points for the analysis. The force-displacement data 146 obtained during the compression of bed or granules were analysed using a method described 147 previously [13, 24, 25] to obtain the single granule strength. Equation (2) Table 2 summarises the results of mean granule size, granules strength and coefficient of 189 variation of the API in the granules in the size range 1.4 to 1.7 mm. The subject of inhomogeneity of drug and binder across different size has received a lot of 205 attention in literature [13, 16, [26] [27] [28] [29] [30] [31] . Several possible causes of drug inhomogeneity have 206 been discussed namely difference in the particle sizes of constituents, different in solubility
207
[32] and migration of the drug particles [33] . It has been shown by numerous researchers that 208 primary particle size plays an important role in determining the product homogeneity. If the 209 particle size distributions of the starting materials are similar then a homogeneous product is 210 expected. It was observed that granulation involving drugs with finer particle sizes compared 211 to filler material resulted in a product were the smaller granules would be super potent [34] .
212
However the opposite is observed if the drug particles are coarser than the filler the larger 213 granules would be super-potent [26, 35] . A typical distribution of the MB across different 214 sizes of granules is depicted in Fig. 2 . This shows that distribution is bimodal with the peaks 215 around 0.3 mm and 1.5 mm. It also shows that granules larger than 2 mm have lower MB 216 content. The average concentration of MB in the granules across all sizes is shown in Fig. 3 .
217
It is evident from the figure that some of the granules are richer in the MB compared to the 218 other granules, for instance for batch 1 granules in the size ranges 0.5 to 0.6 mm and 1.7 to 219 2.0 mm had concentration above the theoretical expected value of ~0.91 mg/g. 220 10
Effect of process variables on granule size and size distributions 221
The effect of process variable on the size distribution of the granules was investigated 222 from granulation of lactose monohydrate powder, PEG 1500 (particle size < 1 mm) and 223 methylene blue. The granules mean sizes for the different batches obtained using Eq.1 are 224 presented in Table 2 . The granule mean sizes were ranging from about 0.85 to 1.88 mm. The 
229
The typical size distribution curves for these two batches of experiments are shown in Fig.   230 4. It is quite evident that Batch 6 has lower fraction of large granules, and a large fraction of 231 granules less with an equivalent diameter less than 1.7 mm.
232
A summary of the statistical analysis of the effect of the granulation process variables is 233 given in the ANOVA table presented in Table 3 .
234
The granule mass mean size can be written in terms of the coded process variables A, B, 235 and C representing the temperature, fluidisation air velocity and granulation time 236 respectively. This is given as;
237
According to Eq.7 all three process variable significantly affect the mean size of granules temperature is also very strong as can be noted from the high coefficient values of the A*C 244 term.
245
The granule mass mean size can also be written in terms of the actual process variables as;
Eq. 8 247 In Eq. 8 U is the fluidising air velocity, θ is the fluidised bed temperature and t is the [37], however in the work reported here the amount of binder lost in this way would be 265 12 insignificant since the binder hardly evaporates at the fluidised temperature investigated here. 266 Their results show that slower granule growth rate was obtained at higher fluidising air 267 velocity compared to what was obtained at lower velocities. It was postulated that decreasing 268 the fluidising air velocity would increase the probability of contact between wetted particles.
269
On the contrary in another separate study [38] , increasing fluidised air velocity was found to 270 increase the mean size of the granules. In this study the moisture content level was 271 maintained at the same value. The increase in the mean granule size could be attributed Table 4 . According to results present in Table 4 the model adequately describes All the symbols are as defined previously.
297
The surface plot of the granule homogeneity for three different granulation times is 298 shown in in Fig. 6 . The surface plot shows that increasing the speed of the fluidising air 299 velocity results in improvement in the homogeneity of the granules; the homogeneity 300 coefficient increase from 0.97 to around 0.99 when the granulation temperature is 50 °C. It
301
can also be noted that at this temperature the granulation time has little influence on the 302 homogeneity coefficient. However when the fluidising air temperature is set at 60°C the 303 influence of the temperature on the homogeneity factor becomes more significant; shorter 304 granulation time favours better homogeneity.
305
Increasing the fluidising air velocity can result in more breakage of the agglomerates 306 which manifests as reduction in the growth rate [9, 10] or a reduction in average granule size 307 [38] [39] [40] . It has been reported in literature that breakage of particles during the granulation 308 process promotes material exchange between the granules which improves product 309 homogeneity [15, 16] . It would then be logical to expect an increase in the homogeneity of 310 the product as the fluidising air velocity is increased. This is illustrated in Fig. 6 where 311 14 coefficient. According to Fig. 6 the influence of fluidising air on the homogeneity is more 313 pronounce at high temperature than at lower temperatures. Within the design space studied in 314 this work reasonably high level of homogeneity were achieved despite the fact that pseudo 315 active ingredient was added as a solid and very low proportion. summaries in ANOVA table presented in Table 5 show that chosen model is suitable for 324 describing the data obtained in the experiments (p-value = 0.0137). The FAV, with an 325 associated p-value of 0.0055, is the most important variable affecting the strength of the 326 granules. The granulation time was found not to be an important factor on the strength of the 327 granule. There is also strong interaction between FAV and FAT (p-value = 0.0346).
328
The granule strength,τ , is related to the process conditions according the empirical handling. The criteria used to determine the process conditions is summarised in Table 6 .
349
Different weighting was ascribed to the different input variables and the response variables. It 350 is shown in Table 6 that all the process variables were assigned equal importance with a 351 default weighting of 3. It is important that the granules produced would have sufficient 352 strength for handling during post granulation processes and is also equally important they have 353 homogeneous distribution of the API; hence these two granule attributes were given high weighting 354
during the optimisation. 355
The desirability objective function is given by [41] ; Eq. 12 357 16 variable. Importance (r i ) varies from the least important a value of 1, to the most important a 359 value of 5. Detailed description of the models and equations can be found elsewhere [41, 42] .
360
Desirability plot for the design space is shown in Fig. 8 . The plot shows that the highest 361 desirability of about 0.94 is achieved at the highest temperature and fluidising air velocity. A 362 high value (close to 1) of the desirability functions indicates that constraints for the 363 optimisation of response functions are being closely satisfied. As can be seen in Fig. 8 the 364 values of desirability approach a value of 1 as the fluidising air velocity is increased and 365 highest values are achieved when both fluidising air velocity and bed temperature are high.
366
This result means that constraints set up for the optimisation are closely matched when 367 fluidising air flow rate and bed temperature are both high. The summary of conditions for 368 formation of strongest granules with highest homogeneity is given in Table 7 . This table   369 shows that granules with optimum attributes can be obtained with a granulation time of 11.37 Fig. 1 : Effect of binder particle size on granule mean size. 
